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a b s t r a c t

The thermal and kinetic effects of O3 on flame propagation were investigated experimentally and numer-
ically by using C3H8/O2/N2 laminar lifted flames. Ozone produced by a dielectric barrier plasma discharge
was isolated and measured quantitatively by using absorption spectroscopy. Significant kinetic enhance-
ment by O3 was observed by comparing flame stabilization locations with and without O3 production.
Experiments at atmospheric pressures showed an 8% enhancement in the flame propagation speed for
1260 ppm of O3 addition to the O2/N2 oxidizer. Numerical simulations showed that the O3 decomposition
and reaction with H early in the pre-heat zone of the flame produced O and OH, respectively, from which
the O reacted rapidly with C3H8 and produced additional OH. The subsequent reaction of OH with the fuel
and fuel fragments, such as CH2O, provided chemical heat release at lower temperatures to enhance the
flame propagation speed. It was shown that the kinetic effect on flame propagation enhancement by O3

reaching the pre-heat zone of the flame for early oxidation of fuel was much greater than that by the ther-
mal effect from the energy contained within O3. For non-premixed laminar lifted flames, the kinetic
enhancement by O3 also induced changes to the hydrodynamics at the flame front which provided addi-
tional enhancement of the flame propagation speed. The present results will have a direct impact on the
development of detailed plasma-flame kinetic mechanisms and provided a foundation for the study of
combustion enhancement by O2(a1Dg) in part II of this investigation.

� 2010 The Combustion Institute. Published by Elsevier Inc. All rights reserved.

1. Introduction

Operation at high energy efficiencies with reduced emissions
and in restrictive combustion environments necessitates the devel-
opment of methods to enhance and control combustion processes.
Some of the common applications that motivate the development
of new technologies to enhance combustion are in systems utiliz-
ing advanced gas turbines, pulse detonation engines, and other
high-speed air-breathing propulsion devices. But the need goes
far beyond high-speed propulsion devices to include stationary
power generation and ultra-lean, ultra-low emission internal com-
bustion engines. The above mentioned systems have created envi-
ronments that push the limits of traditional combustion
techniques. There can be a mismatch in the characteristic flow res-
idence time, transport or diffusion time, and the chemical reaction
time. Furthermore, the flow speeds can be significantly faster than

any deflagration wave velocity, and the transport and diffusion
times longer than the ignition delay times. Therefore, to achieve
successful ignition, flame propagation, flame stabilization, and
complete combustion, there needs to be additional energy and/or
active species injection to the system to accelerate the fuel oxida-
tion processes. Consequently, the exploration of new methods to
reduce chemical reaction times has attracted much attention.
New combustion technologies, such as plasma-assisted combus-
tion, have shown much promise to enhance both thermally and
kinetically the ignition, flame stabilization, and flame propagation
in combustion systems and therefore require a fundamental
understanding of the underlying enhancement mechanisms.

It is well known from the Arrhenius expression that chemical
reaction rates can be accelerated by either increasing the pre-expo-
nential factor, A, the temperature, T, or decreasing the activation
energy, Ea

k � Ae�Ea=T
: ð1Þ

Thermal enhancement through elevated temperatures is well
known and accelerates the rate of fuel oxidation for endothermic
processes, but can be costly because of having to increase the
translational energy of all molecules in the system. Kinetic
enhancement by increasing the pre-exponential factor or decreas-
ing the activation energy is more selective. Instead of supplying en-
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ergy to a system to elevate the temperature, energy can be used to
create active species to change reaction pathways for higher effi-
ciencies. This type of kinetic enhancement has been focused tradi-
tionally on catalysts and additives that could be injected into the
system to react more rapidly [1–3] as well as using pre-combus-
tion [4,5]. Therefore, combustion enhancement through selective
kinetic processes, especially with in situ species production, has
great potential with regard to energy efficiency concerns for prac-
tical applications.

Compared to catalysts and additives, plasma activation offers a
rapid and promising method to thermally and kinetically enhance
combustion processes with in situ production of active species for
more rapid fuel oxidation. Plasma can couple energy into combus-
tion systems to produce radicals, excited species, ions, and elec-
trons as well as elevated temperatures. The production of new
species can alter the chemical potential of the fuel and/or oxidizer
to react more rapidly and enhance the overall combustion process.
Simultaneously, the elevated temperatures from the plasma can
also aid in the combustion reaction process where radical quench-
ing at low temperatures are too large.

Because of the significant potential of plasma, much research
has been performed using a variety of plasma discharge systems
including plasma torches/jets [6–9], gliding arc discharges [10–
12], fast ionization waves [13,14], and nanosecond repetitively
pulsed discharges [15,16], as well as through electric field interac-
tions [17–19], microwave discharges [20–23], and many others.
The investigations have shown definitively that plasma can en-
hance combustion processes with decreased ignition times and
lower ignition temperatures [10,11,15,16,24,25], increased flame
propagation [18,19,21–23], enhanced flame stabilization, and ex-
tended flammability limits [7,8,12,20]. It has been stated in a re-
cent review of plasma-assisted combustion that ‘‘artificial
initiation of chemical chains by low temperature plasma of gas dis-
charges does exist,” but there is a lack of data from controlled and
well-defined experiments [26].

Plasma can couple energy into combustion systems via many
different pathways producing a diverse range and significant num-
ber of species including radicals, excited species, ions, and elec-
trons (Fig. 1). The inclusion of each and every species and their
associated reactions would render kinetic mechanisms nearly
impossible to use. More importantly, there is a lack of understand-
ing of what species and reaction pathways are the most important.
Therefore, one of the greatest challenges that remain for develop-
ing a clear understanding of plasma-assisted combustion is a fun-
damental knowledge of specific enhancement processes. Once the

individual enhancement pathways are understood, detailed plas-
ma-flame kinetic mechanisms can be developed for quantitative
prediction and optimization of practical combustion systems to
achieve increased energy conversion efficiency and reduced
emissions.

One of the most challenging issues in experiments of plasma-
assisted combustion is to isolate the individual effects of different
species and processes so that the effect of each reaction pathway
can be quantitatively determined. However, isolating the individ-
ual enhancement mechanisms by each species can be difficult be-
cause plasma-assisted combustion systems are highly coupled
with complex hydrodynamics, species diffusion and mixing, and
thermal processes. The coupled processes render an understanding
of the underlying physics and chemical processes difficult. Further-
more, there exists the additional complication of the different life-
time scales of plasma-produced species when trying to observe
individual enhancement pathways.

The first steps to decouple the plasma-flame kinetic process are
to examine the critical species. In air, there will be plasma produc-
tion of oxygen containing species such as O, O3, O2(v), O(1D), O(1S),
O2(a1Dg), O2(b1Rg), as well as other excited species, ions, and elec-
trons. The nitrogen containing species include N, NO, NO2, N(4S),
N2(v), N2(A3Ru), N2(B3Pg), N2(a01Ru), N2(a1Pg), N2(C3Pu),
N2(a001Rg), N(2D), N(2P), and multiple ions, etc. [27]. These species
do not take into account species produced by plasma discharge
of the fuel. Therefore, it can be difficult to identify the most impor-
tant species and reaction pathways in a premixed fuel and oxidizer
system.

Fig. 1. Pathways of enhancement from plasma-coupled energy to combustion
systems.

Nomenclature

a density ratio between the fuel and oxidizer (qF/q1)
A pre-exponential factor
d diameter of the fuel nozzle
Ea activation energy
FWHM full-width half-maximum
I intensity of light with the presence of ozone
I0 intensity of light without the presence of ozone
k reaction rate coefficient
L absorption path length
Nozone number density of ozone
ppm parts per million
r radial distance from the centerline
r0 radius of the fuel nozzle
Re Reynolds number
Slifted lifted flame speed
Slaminar laminar flame speed

Sc Schmidt number
T temperature
u local flow velocity
u0 initial fuel jet velocity
Vco co-flow velocity
x distance from fuel nozzle tip
X non-dimensional axial distance
Xv virtual origin for velocity
Xv,F virtual origin for concentration
YF fuel concentration
m1 kinematic viscosity
qunburned density of unburned gas
qburned density of burned gas
qF density of fuel
q1 density of oxidizer
rozone absorption cross section of ozone
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Nevertheless, the specific kinetic enhancement pathways
through catalytic effects of plasma-produced NOx have been estab-
lished [10,11]. The results showed that the NOx catalytic effects via
HO2 and CH3O2 dramatically lowered the ignition temperature and
suppressed the inhibitive effects of H2O and CH4. Additionally,
plasma-produced radical species such as O, OH, and excited species
have been shown to be in significant concentrations in plasma-as-
sisted combustion systems to enhance reaction processes. A recent
study by Uddi et al. found significant ignition enhancement using a
pulsed nanosecond discharge with quantitative measurements of
the time dependent production and decay of atomic oxygen after
the discharge in a premixture [28]. The time dependent production
and decay of OH was also measured with ignition enhancement
observed [24]. However, the effects of plasma generated long-life-
time species such as O3 and O2(a1Dg) (radiative lifetime in excess of
4000 s at 300 K [29]) on combustion have not been investigated
quantitatively. In addition, these two species are often coupled in
the afterglow of non-equilibrium plasma. Therefore, their individ-
ual effects on combustion enhancement have to be understood via
a successful decoupling of O2(a1Dg) from O3.

Unfortunately, there has been little experimental work empha-
sizing the combustion enhancement effects by O3 and O2(a1Dg).
Early experimental studies of the effect of O3 on ignition delay
times were conducted in compression and spark ignition engines
[30–34]. Recently, laser ignition has also been investigated by
using both CO2 and KrF excimer lasers to excite and decompose
O3 [35–37]. To the authors’ knowledge, there have only been two
investigations of the effect of O3 on flame propagation enhance-
ment [32,38]. Although these experiments reported the flame
speed enhancement by O3, the exact mechanisms are not well
understood. Moreover, quantification of the enhancement was dif-
ficult due to the complex experimental geometry.

The goal of the present work was to create a methodology to
isolate and quantitatively measure the effects of specific plasma-

excited oxygen species on the enhancement of flame propagation
at a pressure of 101.3 kPa. In the current work, the enhancement
of flame propagation by O3 was investigated through the develop-
ment of an integrated plasma-combustion experimental platform
where the species were produced, isolated, transported, and quan-
titative measurements taken through absorption spectroscopy. A
low power dielectric barrier discharge plasma was used to activate
O2 and produce O3, which was merged with N2 for the oxidizer co-
flow of atmospheric pressure C3H8 lifted flames. The experimental
results were compared to numerical simulations to identify the
important kinetic pathways of flame propagation enhancement
in the plasma-flame systems and provide important steps towards
developing a comprehensive and predictive model for the inclusion
of other plasma-produced species, such as the work on O2(a1Dg) in
part II of this investigation.

2. Experimental system

2.1. Plasma-assisted lifted flames

A laminar lifted flame burner was adopted for the combustion
platform and used at a pressure of 101.3 kPa for all experiments.
A schematic of the platform is shown in Fig. 2. The lifted flame bur-
ner consisted of a central fuel jet with an inner diameter of
0.271 mm that was located in a 90 mm inner diameter fused silica
(quartz) tube to contain the co-flow of oxidizer. The fuel nozzle
was aerodynamically shaped to produce a uniform velocity profile
at the exit. The large ratio of diameters between the oxidizer co-
flow and the fuel jet (>100) were used to ensure accurate compar-
isons to similarity solutions of the flow field (to be described in
Section 3.1). To ensure that the co-flow was uniform, two stainless
steel meshes coated with silica for chemical inertness were sepa-
rated by 3 cm and were located between the oxidizer inlet of the
burner and the fuel jet exit. The gases used in the experiments

Fig. 2. Experimental set-up schematic of the lifted flame burner integrated with a dielectric barrier plasma discharge device and O3 absorption measurement system.
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were C3H8 for the fuel and ultra-high purity O2 (99.99%) and N2

(99.95%) mixed for the oxidizer. The flow rate of the fuel was con-
trolled with a calibrated mass flow meter while the O2 and N2 were
controlled with calibrated sonic nozzles. The undiluted ultra-high
purity O2 was passed through a dielectric barrier discharge device
and was then merged with the N2 stream to be introduced to the
lifted flame burner. This configuration minimized any problems
of NOx being produced in the discharge which would contaminate
the flow. The dielectric barrier discharge device was comprised of a
110 mm long and 18 mm diameter co-axial sleeved tube geometry
with a gap distance of 2 mm. The power was supplied by pulses of
3–10 kV positive and negative polarities with duration of 10 ns at
FWHM with a frequency varied between 10 kHz and 40 kHz to pro-
duce different O3 concentrations. Each pulse contained between
0.1 mJ and 1 mJ, providing between 1 W and 40 W total power.
The discharge produced multiple oxygen containing species
including O, O3, O2(v), O(1D), O(1S), O2(a1Dg), O2(b1Rg), etc. To en-
sure that O3 was the only species present in the flow when merged
with the N2 stream, a sufficient residence time was given to quench
all plasma-produced species other than O3. For example, Table 1
lists the quenching rates of some of the common plasma-produced
oxygen species. The atomic oxygen rapidly recombines with O2 to
produce O3, which is stable. The next longest lived species is
O2(a1Dg) which is metastable, and at 101.3 kPa and 300 K has a col-
lisional lifetime of approximately 20 ms. With the flow rate and
length of the tube between the dielectric barrier discharge and
the merging with N2 the residence time was over 100 ms. There-
fore, when the dielectric barrier discharge was supplied with
power, the only change in the gases entering the combustion sys-
tem would be the addition of O3.

The high velocity fuel jet (3.5–10 m/s) and low velocity oxidizer
co-flow (0.049 m/s) created a flow field with a stoichiometric con-
tour where the premixed flame head of a lifted flame was located
(shown in the top right inset in Fig. 2). The lifted flame, which is
also called a tribrachial (triple) flame, had a premixed flame head
anchored on the stoichiometric contour, followed by a diffusion
flame tail. Photographs of the flame at various liftoff heights are
shown in Fig. 3. The lifted flame could be located at different sta-
tionary distances from the fuel jet nozzle depending upon the local
flow velocity. For a fixed flow field, the flame is located in a station-
ary position where the lifted flame speed at the premixed flame
head is balanced with the local flow velocity. If the flame speed in-
creases, the liftoff height decreases to re-establish a local dynamic
balance between the flame speed and flow velocity. A plot of the
flame liftoff height versus fuel jet velocity is shown in Fig. 4.

Due to the slow laminar boundary layer development and the
velocity and concentration gradients created, the lifted flame
height is very sensitive to the changes in flame speed and therefore
provides excellent flame geometry for the direct observation of
flame speed enhancement. For example, with only a small concen-
tration of O3, the flame liftoff height changes appreciably, as shown
in Fig. 4. Since the fuel and oxidizer are not mixed far upstream of
the flame, there is very short residence time for the fuel and oxi-
dizer to react in the cold flow. The short residence time helps to

further decouple the enhancement effects to be directly from reac-
tions in the flame zone and not far upstream in the cold un-reacted
flow.

Multiple temperatures were monitored by thermocouples
placed on flow surfaces and in the flow and were recorded in the
system. Temperatures were measured at points T1, T2, and T3

shown in Fig. 2 and were respectively the burner inlet tube surface
temperature, burner surface temperature, and co-flow gas temper-
ature. Throughout the experiments, the temperatures remained
constant within 0.2 K between the plasma being turned on and off.

2.2. Quantitative absorption measurements of O3

The O3 produced by the dielectric barrier discharge was mea-
sured using a one-pass, line-of-sight absorption cell in the flow
downstream of where the O2 and N2 streams merged. The absorp-
tion cell was comprised of a stainless steel compression cross fit-
ting with the side arms made of quartz tubes capped with UV
quality windows. The cell was placed in the flow between the
merging of O2 and N2 streams and the burner. At one window, a
mercury light with stable output provided ultraviolet light at the
wavelength of 253.7 nm where O3 has a peak absorption cross sec-
tion of 1.137 � 10�17 cm2 (at 300 K) in the Hartley band [42]. A

Table 1
Reaction rates of plasma-produced oxygen species at 298 K. The term ‘‘HP” refers to
the high pressure limit.

Reaction Reaction constant (cm3/molecule/s)

O + O2 + M ? O3 + M 6.0 � 10�34 = (HP limit 3.61 � 10�10) [39]
O(1D) + O2 ? O + O2 4.0 � 10�11 [39]
O2(v) + O2 ? O2 + O2 1.73 � 10�13 [40]
O2(b1Rg) + O2 ? O2 + O2 4.1 � 10�17 [39]
O2(a1Dg) + O2 ? O2 + O2 1.6 � 10�18 [39]
O2(a1Dg) + Ar ? O2 + Ar 1.0 � 10�20 [41]

Fig. 3. Photographs of lifted flames at stationary positions for different fuel jet
velocities.

Fig. 4. Measurements of the flame liftoff height as a function of fuel jet velocity
showing different flame stabilization locations from Fig. 3, as well as the sensitivity
of flame speed changes.
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10 nm notch filter (isolating only the 253.7 nm mercury line) and a
photodiode detector were placed at the exit of the transmission
cell. No other species present in the flow (O2 and N2) absorb at this
wavelength. Therefore, the change in the transmittance of the cell
with the plasma on and off could be used to determine the O3 con-
centration through the Beer–Lambert law

Nozone ¼
� lnð I

I0
Þ

rozoneL
; ð2Þ

where Nozone is the absolute number density of the absorbing spe-
cies, O3, I the intensity of light with the presence of O3, I0 the inten-
sity of light without the presence of O3, rozone the absorption cross
section of O3 at the excitation wavelength of 253.7 nm, and L the
path length in the absorption cell (12.48 cm). The concentration
was then calculated in parts per million (ppm) of O3 with an uncer-
tainty of approximately ±2% and a minimum detectable threshold of
approximately 15 ppm. The uncertainty and minimum detectable
threshold came from the fluctuations in the intensity of the mer-
cury light as a function of time during the experiments.

2.3. Experiment procedures

The O2 loading was fixed at 18% O2 in 82% N2 for the oxidizer co-
flow. This O2 loading was chosen to ensure that the flame was com-
pletely within the laminar flow regime for the 0.271 mm diameter
fuel nozzle used [43], as well as to maintain a maximum liftoff
height well below the location of the igniter. The oxidizer co-flow
velocity was fixed at 0.049 m/s and the fuel velocity was small en-
ough to have a nozzle attached diffusion flame when ignited. The
flame was photographed by using a high resolution (10.2 mega-
pixel) Nikon D40x camera, then the dielectric barrier discharge
was turned on and a photograph taken again of the stationary
flame. The fuel velocity was then increased in small increments,
where at each increment photographs taken of the flame with
the dielectric barrier discharge off and on. This procedure was exe-
cuted for at least 10 flame liftoff heights between a nozzle attached
flame and a flame at the top of the stoichiometric contour. The
experimental repeatability of flame liftoff height as a function of
fuel jet velocity was carefully tested multiple times. The results
showed that the lifted flame co-flow system had deviations in
the flame liftoff height that were negligibly small at less than
1 mm.

For each condition where the dielectric barrier discharge was
on, the O3 concentration was measured in the absorption cell. To
ensure that the O3 measured in the absorption cell was the concen-
tration that was present at the flame front, the experiments were
performed with the absorption cell at different distances and flow
residence times between the merging of the O2 and N2 and mea-
suring location, as well as between the measuring location and
the flame. There was no change in the O3 concentration measured
and/or a change in the flame enhancement by O3, confirming that
the O3 concentration measured in the absorption cell was the con-
centration present at the flame.

3. Results and discussion

3.1. Effects of O3 addition on lifted flame height

The lifted flame was established for fixed oxidizer co-flow
velocity and O2 loading (18% O2 in 82% N2). The fuel jet velocity
was increased and pictures were taken at each stationary flame
condition with and without O3 present in the oxidizer (Fig. 3).
More than 10 fuel jet velocities were chosen to give a complete
data range between a nozzle attached flame and blowout of a lifted
flame at the top of the stoichiometric contour. Since the fuel jet

velocity was almost a factor of 100 larger than the co-flow velocity
and the fuel jet diameter was more than 100 times smaller than
the co-flow diameter, a similarity solution was applicable for the
cold flow [44]. The similarity solution was used to find where the
stoichiometric contour existed and hence where the premixed
head of the lifted flame was anchored.

By accounting for the density, the virtual origin, and co-flow
velocity for uniform jet velocity profile at the nozzle exit, the local
flow velocity, u, and fuel concentration, YF, can be derived in terms
of the non-dimensional axial distance, X, and radius, R, from the
similarity solution in Eqs. (3) and (4), respectively.

u� Vco

u0 � Vco
¼ a

1� q
a

� �
1� q

3
32ðX � XvÞ

1

1þ 3a 1� q
a

� �
R

32ðXþXv Þ

� �2
� �2 ð3Þ

YF ¼ að2Scþ 1Þ 1
32ðX � Xv;FÞ

1

1þ 3a 1� q
a

� �
R

32ðXþXv;F Þ

� �2
� �2Sc : ð4Þ

The non-dimensional axial distance and radius are defined as X = x/
(dRe) and R = r/r0, respectively, where x is the distance from the fuel
nozzle tip, r the radial distance from the centerline, d and r0 the
diameter and radius of the fuel nozzle, respectively, Re the Reynolds
number defined as u0d/m1, u0 the initial jet velocity, and m1 the
kinematic viscosity (1.574 � 10�5 m2/s was used, which is for 18%
O2 in 82% N2 at 101.3 kPa and 300 K). Also, Vco is the co-flow veloc-
ity, a the density ratio between the fuel and oxidizer qF/q1, q the
ratio between the co-flow velocity and initial jet velocity Vco/u0,
Sc the Schmidt number of C3H8 (Sc = 1.366) which was the fuel used
in the experiments, and Xv and Xv,F the virtual origins for velocity
and concentration, respectively.

Using both the similarity equation for velocity and concentra-
tion, the stoichiometric contour was found and compared with
the flame location in the experiments. Fig. 5 shows a plot of the
experimental results of flame radius normalized by the nozzle ra-
dius at various conditions of fuel jet velocity with and without
the presence of O3 superimposed on a plot of the calculated cold
flow stoichiometric contour. The good agreement between the
flame radii with and without O3 addition and the cold flow stoichi-
ometric contour shows that the similarity solution of the flow is
representative of the flame location. Furthermore, by assuming a
thin flame and neglecting the effect of thermal expansion, the local
flow velocities along the stoichiometric contour can be considered
comparable to the lifted flame speed. The approximation of a thin
reaction zone has been validated in previous experiments [43–47],
by showing that the extrapolation of tribrachial flame speed to a

Fig. 5. Plot of stoichiometric contour from the similarity solution and experimen-
tally obtained flame radii.
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zero mixture fraction gradient agrees well with the maximum
propagation speed of tribrachial flames predicted theoretically
[48].

To evaluate the enhancement with O3 addition, an understand-
ing of the flame stabilization mechanism is required. The stabiliza-
tion mechanism of laminar lifted flames can be explained based
upon the dynamic balance between the local flow velocity and
flame speed along the stoichiometric contour. The leading edge
of the lifted flame base at the premixed flame head is always lo-
cated on the stoichiometric contour as shown in Fig. 5 [43]. The
spatial profiles of local flow velocity from both similarity solutions
with and without the virtual origins are plotted in terms of non-
dimensional axial distance, X, in Fig. 6. The flow velocities along
the stoichiometric contour with and without the virtual origins
are shown to deviate significantly when close to the fuel jet nozzle.
Nevertheless, for the range of liftoff height used in the experi-
ments, the deviation between the two solutions is on the order
of 1%. Also plotted in Fig. 6 are the lifted flame speeds with and
without O3 addition, which were converted from the measure-
ments of lifted flame heights by varying the initial jet velocity. Nor-
mally, without O3 addition, the lifted flame stabilizes where the
local flow velocity on the stoichiometric contour is balanced with
the lifted flame speed. When O3 is added to the system, the flame
propagation speed is enhanced and the flame moves upstream to a
new stabilization location where there is a dynamic balance. The
result in Fig. 6 indicates clearly that the lifted flame is stabilized
by the balance between the local flow velocity and flame propaga-
tion speed with and without O3 addition.

The lifted flame speeds were evaluated based upon the axial lo-
cal flow velocity from the similarity solution of the cold flow at the
measured liftoff heights with initial jet velocities. The results are
plotted in Fig. 7 as a function of fuel mixture fraction gradient. It
is shown clearly that there is an enhancement of the lifted flame
speed with increasing O3 concentration. Interestingly, the
enhancement of lifted flame speed increases with increasing fuel
mixture fraction gradient for the same concentration of O3. This
can be explained reasonably with a coupling effect between kinetic
enhancement and changes to the flame front curvature leading to a
hydrodynamic enhancement by considering the unique character-
istics of the triple flame structure of laminar lifted flames.

Firstly, numerical simulations were performed for equivalence
ratios of 0.8–1.2 with and without 5000 ppm of O3. This concentra-
tion of O3, which was larger than what was used in the experi-
ments, was chosen in order to demonstrate more clearly what
the effect was on the detailed structure of the flame which was
not as easily observable numerically for lower O3 concentrations.
The mechanisms of enhancement remain the same regardless of

the O3 concentration. The results in Fig. 8 show that the laminar
flame speed is enhanced more for lean and rich equivalence ratios
than at stoichiometric. This is reasonable because lean and rich
premixed flames have relatively weaker reactivity and lower
chemical heat release compared to the stoichiometric condition.
Therefore, the off-stoichiometric flame is more sensitive to the
same amount of energy input associated with the addition of O3.
The lifted flame speed is also a strong function of the curvature
at the premixed flame front [45,46] which is not only coupled with
the fuel mixture fraction gradient but also the flow velocity gradi-
ent and hence hydrodynamics. The premixed flame curvature of
the triple flame structure is determined by the change of laminar
flame speed with the equivalence ratio and the upstream flow pro-
file based on the dynamic balance between flame speed and local
flow velocity [43]. With O3 addition to the co-flow of air, the
non-uniform enhancement of laminar flame speed with the equiv-
alence ratio induces an increase in the radius of the triple flame
front since the lean and rich premixed flame will be enhanced
more, as shown in Fig. 8. The larger radius of the flame leads to
more significant flow redirection upstream of the flame. Therefore,
the local flow velocity at the premixed flame head will decrease
and allow for enhanced lifted flame propagation speeds. Conse-
quently, the lifted flame propagation speed is enhanced more by
this effect because of the change in curvature of the flame front
with O3 addition.

Secondly, the increase of enhancement with larger mixture
fraction gradient can be attributed to the change of velocity gradi-
ent in the radial direction when the liftoff height is decreased by

Fig. 6. Plot of the velocities along the stoichiometric contour found from similarity
solutions with and without virtual origins along with the lifted flame speed with
and without O3 addition showing the flame stabilization mechanisms.

Fig. 7. Plot of the lifted flame speed, Slifted, and percent enhancement of Slifted as a
function of mixture fraction gradient at 101.3 kPa with and without O3 addition.
The inset pictures of the lifted flames show the differences in the flame front near
the fuel nozzle (right) and far from the fuel nozzle (left).

Fig. 8. Plot of the numerical simulation results of laminar flame speed, SL,
enhancement by O3 as a function of equivalence ratio.
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the addition of O3. Previous work demonstrated experimentally
that the triple flame structure of the lifted flame is tilted by the
velocity gradient change and the tilting angle is proportionally in-
creased with an increase of the velocity gradient [47]. Thus, when
the lifted flame moves to an upstream position because of flame
speed enhancement from the addition of O3, the lifted flame front
is subjected to a larger velocity gradient, tilting the flame front fur-
ther. The effect of the velocity gradient becomes more significant
when the lifted flame is at a location closer to the nozzle because
the velocity gradient also non-linearly increases with the decrease
of the lifted flame height from the fuel jet exit. Consequently, the
current evaluation method of lifted flame speed may over-predict
the enhancement of lifted flame speed since the axial local flow
velocity has been considered only. The detailed effect on flame
front geometry changes through tilting, curvature, and stretch
are out of scope of current study. However, the flame front geom-
etry changes are extremely important because of the increased
flame propagation enhancement beyond the purely kinetic effect.
This effect has been termed the kinetic-induced hydrodynamic
enhancement.

To exclude the complicated enhancement mechanism caused
by the hydrodynamic matters discussed above, and to focus on
the kinetic enhancement on the lifted flame speed, the lifted flame
speed was extrapolated to a zero mixture fraction gradient. The
process allowed for direct comparison with the stoichiometric
laminar flame speed. In the limit of zero mixture fraction gradient
and flame curvature, the lifted flame speed, Slifted, is related to the
laminar flame speed, SL, through the unburned to burned density
ratio [43,48]

Slifted � SL

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
qunburned

qburned

r
: ð5Þ

Therefore, the experimental results of lifted flame speed could
be compared to calculated laminar flame speeds.

The enhancement of the local lifted flame speed and the extrap-
olated lifted flame speed are plotted as a function of O3 concentra-
tion in Fig. 9 together with the numerical simulation results of
purely kinetic enhancement. For the simulations with O3 addition,
the O atoms were conserved as to not perturb the total oxidizer
fraction in the mixture. Furthermore, the O3 concentrations were
adjusted to the ppm concentrations for a stoichiometric flame in-
stead of what was measured in the O2 and N2 mixture. For a large
mixture fraction gradient, marked as A in Fig. 7, the enhancement
is the largest as shown in Fig. 9. The factor of four difference in the
flame speed enhancement between this fuel mixture fraction gra-
dient and the purely kinetic enhancement are indicative of the ki-

netic-induced hydrodynamic enhancement described earlier in
this section. For a small mixture fraction gradient, marked as B in
Fig. 7, the local flame speed enhancement is less, approaching
the calculated purely kinetic enhancement results. The extrapola-
tion to a zero mixture fraction gradient has been performed with
a correlation factor R > 0.99 and agreed well with numerical simu-
lation results, marked as C in Fig. 7. Note that the deviation be-
tween experimental and numerical results becomes slightly
larger for larger O3 concentration. This effect is once again caused
by the kinetic-induced hydrodynamic enhancement for larger con-
centrations of O3. Note that the smaller deviation between the
extrapolated flame speed enhancement and the purely kinetic
enhancement that was calculated is due to the extrapolation pro-
cess averaging out the hydrodynamic enhancement. The details
of the kinetic enhancement mechanism will be discussed in the fol-
lowing section with numerical simulation results.

3.2. Computations of laminar flame speed enhancement with O3

addition

To understand the flame speed enhancement pathways with O3

addition, numerical simulations were performed using the PREMIX
code from the CHEMKIN package [49]. The PREMIX code allows for
one-dimensional calculations of laminar flames which can be used
along with the relation in (5) to quantify the enhancement of lifted
flame speed.

For the kinetic mechanism, the O3 reactions [50,51] in Table 2
were added to the C3H8 mechanism [52]. The two most important
reactions were the decomposition reaction of

O3 þM $ O2 þ OþM; ð6Þ

and the O atom three body recombination reaction of

Oþ OþM $ O2 þM ð7Þ

because of the production and consumption of O. The reaction of
C3H8 with O3 was also added but was not significant in the reaction
system. The low impact of this reaction was because the reaction
rate was several orders of magnitude slower than the O3 decompo-
sition reaction [53]. The reaction is slow because O3 does not react

Table 2
Rate constants for reactions of O3 [50,51] that were added to the C3H8 chemical
mechanism [52].

Reaction Reaction
constant
(cm3/mole/s)

Temperature
dependence

Activation
energy
(kJ/mole)

O3 + O2 ? O2 + O + O2 1.54 � 1014 0 96.5
O3 + O ? O2 + O + O 2.48 � 1015 0 95.09
O3 + O3 ? O2 + O + O3 4.40 � 1014 0 96.5
O3 + N2 ? O2 + O + N2 4.00 � 1014 0 94.84
O2 + O + O2 ? O3 + O2 3.26 � 1019 �2.1 0
O2 + O + N2 ? O3 + N2 1.60 � 1014 �0.4 �5.82
O2 + O + O ? O3 + O 2.28 � 1015 �0.5 �5.82
O2 + O + O3 ? O3 + O3 1.67 � 1015 �0.5 �5.82
O2 + O2 ? O + O + O2 9.80 � 1024 �2.5 493.99
O2 + O ? O + O + O 3.50 � 1025 �2.5 493.99
O2 + O3 ? O + O + O3 1.20 � 1019 �1 493.99
O2 + H2O ? O + O + H2O 1.20 � 1019 �1 493.99
O + O + O2 ? O2 + O2 1.50 � 1016 �0.4 0
O + O + N2 ? O2 + N2 6.00 � 1013 0 �7.49
O + O + O ? O2 + O 5.34 � 1016 �0.4 0
O + O + O3 ? O2 + O3 1.30 � 1014 0 �7.49
O2 + O2 ? O3 + O 1.20 � 1013 0 420.12
O3 + O ? O2 + O2 4.82 � 1012 0 17.14
O3 + H ? O2 + OH 6.87 � 1013 0 3.64
O2 + OH ? H + O3 4.40 � 107 1.4 329.44
O3 + OH ? HO2 + O2 9.60 � 1011 0 8.32
O3 + HO2 ? OH + O2 + O2 1.66 � 1011 �0.3 8.32

Fig. 9. Plot of experimental results compared to numerical simulations. The local
enhancement of ‘‘A” and ‘‘B” are indicated for large and small mixture fraction
gradients, respectively, shown in Fig. 6, while ‘‘C” indicates the lifted flame speed
enhancement when extrapolated to a zero mixture fraction gradient.
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rapidly with saturated hydrocarbons. The adapted mechanism al-
lowed for accurate predictions of the laminar flame speed, temper-
ature, and species profiles for C3H8 flames at a pressure of
101.3 kPa.

When the temperature, O, and O3 concentration profiles were
plotted, it became apparent that there was an increase in the tem-
perature early in the pre-heat zone and a shifting of the overall
temperature gradient (Fig. 10). The early pre-heat zone of the
flame shows that a decrease in the O3 concentration corresponds
to an increase in the O concentration and the temperature profile.

A rate of production analysis was performed to understand the
underlying flux of species and the overall enhancement mecha-
nism. In Fig. 10, the results of a rate of production of O shows that
upon O3 decomposition because of the slightly elevated tempera-
tures in the pre-heat zone, the O rapidly reacts with the fuel via
the reactions

C3H8 þ O! n-C3H7 þ OH ð8Þ

C3H8 þ O! iso-C3H7 þ OH: ð9Þ

The two reactions of (8) and (9) provide the first key initiation steps
in the extraction of chemical heat release by abstracting an H from
the parent fuel to produce OH. Simultaneously, OH is also produced
from the reaction of O3 with H via

O3 þH! OHþ O2; ð10Þ

shown in Fig. 11. The rate constant for this reaction is shown in Ta-
ble 2. Reactions (8)–(10) are important because they provide the OH
necessary to react and form H2O and heat release to enhance the
flame speed. A rate of production of OH analysis is shown in
Fig. 11 and identifies the major reaction pathways that change sig-
nificantly in the early stages of the flame following O3 decomposi-
tion. The three most important reactions are

CH2Oþ OH! HCOþH2O ð11Þ

OHþHO2 ! H2Oþ O2 ð12Þ

C3H8 þ OH! iso-C3H7 þH2O: ð13Þ

While reactions (11)–(13) all form H2O to produce heat release
early in the flame, the two most important reactions are (11) and
(12). A rate of production of heat release early in the pre-heat zone
of the flame shows that reactions (11) and (12) are significant con-
tributors of heat, which elevates the temperature. Fig. 12 shows the
increased chemical heat release at lower temperatures with O3

addition, with the most significant impact between 700 K and
1300 K. The elevated level of heat release earlier in the flame accel-

erates other reactions to change the structure of the flame, which in
turn enhances the rate at which the flame can propagate. Further-
more, Fig. 12 shows that the peak heat release is higher with O3

addition because of the additional energy that was coupled into
the system by the plasma.

Therefore the enhancement scheme begins with the decompo-
sition of O3 by reaction (6) early in the pre-heat zone of the flame,
releasing O which rapidly reacts with the parent fuel via reactions
(8) and (9). The O3 also reacts with H via reaction (10) to produce
additional OH. The OH that is produced then reacts with the fuel
and fuel fragments, such as CH2O, to form H2O and heat mostly
via reactions (11) and (12) to elevate the temperatures. The ele-
vated temperatures promote more rapid reactions early in the
flame to enhance the flame propagation speed. The O3 acts as a
transporter of energy from the plasma to the early stages of the
flame, in the pre-heat zone, where it seeds O into the flow to ex-
tract chemical heat release.

Furthermore, to demonstrate that the effect was not just simply
the heat released after the decomposition of O3 and recombination
of O, a fictitious reaction was added to the mechanism to quench
the O3 to O2 to extract all of the energy to the flow far upstream
of the flame zone. This was accomplished by adding the reaction of

O3 þ O3 ! O2 þ O2 þ O2; ð14Þ

with a rate sufficiently fast to consume all of the O3 far upstream of
the flame front where the temperature was 300 K. The results of the
flame speed enhancement with and without reaction (14) are
shown in Fig. 13, along with the experimental data. It is shown

Fig. 10. Numerical simulation results showing the early rise in the temperature
profile from chemical heat release and the rate of production of O with and without
O3 addition.

Fig. 11. Rate of production of OH showing the change of reaction pathways with O3

addition to create stable products and heat release for flame speed enhancement.

Fig. 12. Heat release versus temperature showing elevated levels of chemical heat
release at lower temperatures with O3 addition.
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clearly that when O3 quenches far upstream of the flame, the tem-
perature only increases by several degrees to enhance the flame
speed much less than when O3 reaches the flame pre-heat zone.
Therefore, when O3 reaches the pre-heat zone of the flame, some
chemical heat release is extracted to give significant flame speed
enhancement. Furthermore, the results in Fig. 13 also shows the
good agreement between the enhancements found in the experi-
ments and in the computations when the O3 reaches the pre-heat
zone of the flame.

With the knowledge that O3 addition to a lifted flame will sig-
nificantly enhance flame propagation speed, it is of interest to take
into account the efficiency of producing O3. If one considers the
production of O3 in a dielectric barrier, which is the most common
production method, there exists a critical concentration. If large
amounts of power are supplied to the discharge to produce high
concentrations of O, the recombination of O to O2 becomes a signif-
icant pathway, competing with the O3 production pathway of (6).
For example, if a concentration of 1% O is produced, every second
O atom recombines to O2 instead of forming O3. On the other hand,
if the power of the discharge is too low, the energy loss to ions be-
comes increasingly important. A reasonable compromise is found
when the dissociation in the plasma discharge reaches approxi-
mately 0.2% [54]. Therefore, with 0.2% (2000 ppm) of O3, the ki-
netic enhancement of flame speed would be approximately 4%.
With the addition of the changes in the flame front curvature
caused by the kinetic enhancement, the overall flame speed would
be enhanced between 10% and 15%. Therefore, in a practical sys-
tem, the production and injection of O3 in the cold transport to a
flame can yield significant flame propagation enhancement with
minimal energy expenditure.

4. Conclusions

A platform to study quantitatively the enhancement effects of
plasma-produced O3 on hydrocarbon flame speeds was developed.
It was found that O3 had significant kinetic enhancement effects on
the propagation speeds of C3H8 lifted flames. The results showed
that plasma-produced O3 becomes a carrier of O at low tempera-
tures. Since the lifetime of O is extremely short, especially at room
temperature because of recombination and wall quenching reac-
tions, the attachment of O to O2 allows for extended cold transport
of O. With temperatures lower than approximately 400 K, the O3

can transport O atoms almost indefinitely to a reaction system.
The only difference in enhancement will come from the energy re-
quired to break the bond of the weakly attached O in O3, which re-
quires much less energy than producing O from O2. Numerical
simulation results showed that O3 decomposition and reaction

with H in the pre-heat zone of the flame produced O and OH,
respectively, from which the O reacted rapidly with the fuel to pro-
duce OH. The OH subsequently reacted with the fuel and fuel frag-
ments, such as CH2O, to form H2O and accelerated fuel oxidation.
The chemical heat release early in the pre-heat zone of the flame
resulted in increased propagation speed of the flame.

Equally as important was the coupling effect that the kinetic
enhancement had on the hydrodynamics at the flame front. The
fuel and velocity gradients at the premixed flame head create a un-
ique triple flame front with curvature, stretch, and tilting relative
to the flow. Because of the unique triple flame structure of lifted
flames, the presence of O3 at the flame front creates a kinetic
enhancement which also induces hydrodynamic enhancement.
The maximum overall flame speed enhancement in the laboratory
coordinate was shown to be as high as 8% with 1260 ppm of O3,
while the enhancement locally was much lower at about 3%. When
extrapolated to a zero mixture fraction gradient where the hydro-
dynamics of the flame were averaged and minimized, the enhance-
ment was much more comparable to the pure kinetic enhancement
at approximately 4%. The results indicate the very important find-
ing that in a practical system where there are fuel and velocity gra-
dients, stretch, curvature, tilting, and significant concentrations of
O3, the flame speed can be greatly enhanced.

Furthermore, the results of the current research imply that when
energy is coupled into specific plasma-produced species, there is no
requirement for the control of heat loss. For example, if energy is
coupled into a reactive flow to raise the translational gas tempera-
ture only, there needs to be careful thermal management. Whereas,
when energy is coupled into stable species, no thermal management
needs to be considered for O3 when the temperatures are below
approximately 400 K. The energy contained within the species can
be transported for significant distances and residence times and ex-
tracted at the combustion reaction zone.

Additionally, the results of the deposition of energy at a critical
location in the early stages of the flame are vital since one of the most
important parameters in plasma-assisted combustion is the charac-
teristic time scales involved. Ozone addition illustrates the impor-
tance of time scales because if O3 decomposes far upstream of the
flame, the O released would recombine and not react with the fuel
because the temperatures were not high enough to support the
propagation of those reactions within the flow residence time to
the flame. But when the O3 decomposes and releases O to the reac-
tants when the temperatures were only slightly elevated above the
ambient, the fuel plus O reactions became dominant over recombi-
nation and quenching reactions. The chemical enthalpy that was ex-
tracted upstream of the flame stimulates other reactions as well as
the diffusion of heat, enhancing the propagation of the flame. There-
fore, the competition between the time scales of collisional quench-
ing and reactive quenching is extremely critical when trying to
achieve combustion enhancement through plasma activation.

Lastly, this work demonstrated another important step in devel-
oping an understanding of the most important plasma-produced
species. With the knowledge of NOx and O3, less stable and shorter
lifetime plasma-produced species can now be investigated more
thoroughly. The results of O3 enhancement of flame propagation
speed provided here gives a firm foundation since O3 will always
exist in an oxygen containing plasma. Therefore, the pursuit of
shorter lifetime excited oxygen species, such as O2(a1Dg), can be
pursued. The results of the effects of O2(a1Dg) on flame propagation
speed using a lifted flame apparatus at reduced pressures are dis-
cussed in part II of this investigation.
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